S play a critical role in preferential water movement and solute transport (Beven and Germann, 1982) . Eff ective techniques for characterizing preferential fl ow and transport, and their relationship to soil macropore structure remain elusive, however. New methods to improve the quantifi cation of soil macropore structure and preferential fl ow patterns are important to enhance our understanding of the processes involved.
Fractal theory is one of the most widely used methods to quantify soil structure and fl ow patterns (e.g., Young et al., 2001) . Th e fractal dimension has been used to describe soil physical properties such as bulk density, pore size distribution, pore surface area, and soil aggregation, as well as soil physical processes such as water retention, percolation, diffusion, and solute transport (e.g., Perfect and Kay, 1995; Zeng et al., 1996; Perret et al., 2003; Anderson et al., 2000; Perrier et al., 1996 Perrier et al., , 1999 Giménez et al., 1997; Hatano et al., 1992) .
Even though the fractal dimensions of two objects are the same, their structures can be quite diff erent (Pendleton et al., 2005) . As Mandelbrot (1982) pointed out, the fractal dimension alone is not suffi cient to describe the geometry and properties of "lacunar" fractals; another parameter, which he termed lacunarity, is necessary. Lacunarity measures the deviation of a geometric object from the translational invariance or homogeneity and can be considered as a scale-dependent index of heterogeneity (Plotnick et al., 1993) . In terms of fractal geometry, the prefactor in the following power-law relationship is associated with the lacunarity, while the exponent corresponds to the fractal dimension (Mandelbrot, 1982) :
Lacunarity refl ects the fraction of space occupied by the feature of interest, the degree of dispersion and clustering, the presence of self-similarity or randomness, and the existence of hierarchical structure (Plotnick et al., 1993) . One of the problems involved with the application of fractal theory is that power-law scaling is not necessarily indicative of a structure exhibiting self-similarity Young et al., 1997) . Th e lacunarity curve of a fractal should be a straight line on a double logarithmic scale (Allain and Cloitre, 1991) . Th is property could be a quite useful feature to tell whether self-similarity exists or not.
Despite the promising potential of lacunarity as an index to characterize diff erent structures or spatial patterns, it has received relatively little attention in the soil science and hydrology literature. Lacunarity has been applied to diff erentiate the structures and spatial patterns of both fractals and nonfractals, such as landscape and land use (Plotnick et al., 1993) , temporal changes in
Lacunarity and Fractal Analyses of Soil Macropores and Preferen al Transport Using Micro-X-Ray Computed Tomography
A : CT, computed tomography; REV, representative elementary volume; RLF, relative lacunarity function.
S S : F
Quan fi ca on of soil macropore networks and solute transport pa erns is important to enhance our understanding of preferen al fl ow in structured soils. We inves gated soil macropore structure and solute transport dynamics in an intact soil column of 76-mm diameter and 265-mm length. Five posi ons (each with a thickness of 10.7 mm) in the soil column were scanned with a voxel resolu on of 78.1 by 78.1 by 86.7 μm using micro-x-ray computed tomography. The scanning was done at three stages a er the soil column was sa ated: (i) before tracer (KI) introduc on, (ii) 6 min a er tracer introduc on, and (iii) 78 min a er tracer introduc on. The macropore network and tracer distribu on were reconstructed at the fi ve scanned posi ons. Rela ve lacunarity func ons (RLFs) and pore fractal dimensions, in both two and three dimensions, were calculated. Dis nct macropore characteris cs and fl ow pa erns were observed at the fi ve posi ons. The biopores were ac ve in solute transport because of their high con nuity and low tortuosity. Posi ve logarithmic trends were found between the fractal dimension and the volume percentage of the macropores and tracer distribu on. Generally, the lacunarity func on refl ected the size distribu on of macropores and the spa al pa ern of fl ow and transport. The RLFs indicated that the tracer distribu ons exhibited more self-similarity than the macropore networks and that the representa ve elementary volume had not been reached for the three-dimensional macropore networks within the size range inves gated (cube size ≤63). Lacunarity has diagnos c value in characterizing soil macropore structure and fl ow pa ern and may be coupled with the fractal dimension to be er describe and model soil structural proper es.
sediment transport (Plotnick et al., 1996) , and pore space geometry in heterogeneous porous media (Kim et al., 2007) . Zeng et al. (1996) calculated the two-dimensional fractal dimension and lacunarity of soil bulk density using medical x-ray computed tomography (CT). Th ey found that lacunarity was more sensitive to soil heterogeneity than the fractal dimension and suggested that the joint distribution of fractal dimension and lacunarity would better discriminate soil structure. Until now, however, lacunarity analysis of soil macropore structure and preferential fl ow pattern has remained unexplored. With advances in experimental techniques and numerical analyses, CT has become an attractive technology for soil scientists to nondestructively observe soil macropores, solute transport, and their interactions in real time (Anderson et al., 1990 (Anderson et al., , 1992 Heijs et al., 1995; Perret et al., 1999 Perret et al., , 2000 Luo et al., 2008) . Th e intensive information gained from CT images provides a great opportunity to conduct fractal and lacunarity analyses of soil macropores and fl ow patterns. Th e CT techniques can provide three-dimensional information by synthesizing a series of two-dimensional CT images using certain algorithms (Perret et al., 1999) and thereby facilitate the comparisons between dimensions-a feature especially important for anisotropic media. Since macropore and tracer distributions are essentially three-dimensional and apparent anisotropy exists in well-structured soils (Perret et al., 1999; Luo et al., 2008) , it seems more sensible to evaluate their properties in three dimensions. Perret et al. (2003) calculated two-and threedimensional pore fractal dimensions of macropore networks using box-counting (two dimensions) and cube-counting (three dimensions) techniques. Th ey found positive logarithmic trends between the fractal dimension and macroporosity. Th e relationship between the two-and three-dimensional fractal dimensions was not clear, however, mainly because of insuffi cient data. Gibson et al. (2006) compared the two-and three-dimensional fractal codimensions of soil aggregates and found that two-dimensional fractal dimensions could represent three-dimensional ones reasonably well.
Th e objectives of this study were to: (i) reconstruct and quantify three-dimensional macropore structure and preferential tracer transport in real time in an intact soil column; (ii) characterize a soil macropore network and solute distribution patterns along the soil depth using fractal dimensions and lacunarities; and (iii) examine if macropore networks and fl ow patterns are fractal and if lacunarity has diagnostic value in characterizing soil macropore structure and preferential fl ow pattern where fractal dimension alone could not.
Materials and Methods

Soil
An intact soil column, 76 mm in diameter and 265 mm in length, was taken from the R.E. Larson Agricultural Research Center of Th e Pennsylvania State University located at Rock Springs in Centre County, Pennsylvania. Th e soil series is mapped as a Hagerstown silt loam (a fi ne, mixed, semiactive, mesic Typic Hapludalf ), which is one of the most important agricultural soils in Pennsylvania. Th e fi eld has been planted with corn (Zea mays L.), soybean [Glycine max (L.) Merr.], and alfalfa (Medicago sativa L.) in rotation during the past few decades. All plant residues have been left in the fi eld after harvesting. Th e details of our soil sampling procedures can be found in Luo et al. (2008) . Th ree soil horizons, the Ap1 (0-11 cm), Ap2 (11-21 cm), and Bt (21-26 cm), were identifi ed in the soil column collected ( Fig.  1 ). Basic soil properties are listed in Table 1 .
Industrial Computed Tomography Unit
An industrial CT unit (OMNI-X, Bio-Imaging Research, Lincolnshire, IL) was used in this study. Th e system has a 225-kV micro-focus x-ray generator and a 225-mm-diameter image intensifi er. Th e x-ray source and detector are fi xed and the scanned object rotates ( Fig. 2a) . Th e sample is rotated 360° to receive the x-ray beam (polychromatic) while the detector provides intensity views to the data acquisition computer. One rotation takes about 10 to 15 min, depending on the number of views taken. In this research, up to 41 slices were acquired in a single rotation with 3600 views. High-resolution images (1024 by 1024 pixels) were acquired at the output to the computer system. We used diff erent kinds of fi lters or wedges during the tuning-up procedure before T 1. Basic soil proper es of the soil column studied. The numbers in parentheses are one standard devia on. our experiment to minimize noise and to obtain the best image quality. A digital radiography (DR) image was also collected using the same CT unit to monitor the whole column during the experiment. Th e DR image reproduces a two-dimensional projection of the whole object exposed to the x-ray beam, and the x-ray attenuation values represent the eff ect of the object's density and thickness (see example shown in Fig. 1 ).
Experimental Procedure
Th e experimental setup is shown in Fig. 2b . Th e soil column was housed in a polyvinyl chloride pipe and satiated from the bottom by raising the water (0.005 mol/L CaSO 4 solution) table gradually. Th is satiation process lasted for 4 d. Th e soil at satiation was scanned at a resolution of 78.1 by 78.1 by 86.7 μm at fi ve positions, namely the Ap1, Ap2, and Bt horizons, the boundary between the Ap1 and Ap2 horizons (referred to as Ap1-Ap2), and the boundary between the Ap2 and Bt horizons (referred to as Ap2-Bt) ( Fig. 2b) . For each position, 123 images were obtained (about 10.7 mm thick in total). After scanning, 0.005 mol/L CaSO 4 solution was supplied to the top end of the soil column at a constant fl ow rate of 6.7 mL/min using an automatic pump. When the outfl ow rate became constant, the 0.005 mol/L CaSO 4 solution was replaced with a 60 g/L KI solution. An automatic fraction collector was used to collect the center and outer outfl ows separately (see Fig. 2b ) at 1-min intervals. After introducing the KI solution for 6 min, the pump and the valve at the outlet tube were turned off to stop the fl ow. Scanning at the same fi ve positions was repeated to observe the solute distribution. After this scanning, the KI solution leaching was restarted and scanning was repeated at the same fi ve locations at 78 min. A total of 528 mL of the KI solution was applied during this experiment, which was about one pore volume of the soil column.
Data Analysis
Th e images (1024 by 1024 pixels) were cut to exclude the area outside the soil column using ImageJ, Version 1.39 (Rasband, 2002) . Th e macropore threshold value, determined using the maximum entropy threshold algorithm in ImageJ 1.39, was used to segment the images. Th e images were also visually inspected to ensure that a reasonable threshold value was used. Th e tracer distribution was reconstructed by subtracting the images taken when the soil was satiated with the 0.005 mol/L CaSO 4 solution from the images taken after the introduction of the 60 g/L KI solution, then dividing it by the diff erence in x-ray attenuation of the 0.005 mol/L CaSO 4 solution and the 60 g/L KI solution (which is 459). After subtraction, the medium fi lter, a commonly used imageprocessing method to reduce the noise while preserving the edge, was used to minimize noise (Jassogne et al., 2007) . Th e binary images were obtained with the following relationship:
where CT(x,y,z,t) is the x-ray attenuation value for a voxel during solute replacement at time t, CT(x,y,z,t = 0) is the x-ray attenuation value when the soil was satiated with water (0.005 mol/L CaSO 4 solution) at the beginning of the experiment, and CT KI and CT water are the x-ray attenuation values of the 60 g/L KI solution and the 0.005 mol/L CaSO 4 solution, respectively. Th e threshold (i.e., 30%) reasonably segmented regions with apparent changes in x-ray attenuation values and excluded noise in the background. We relied on visual inspection, which is very important to ensure that a reasonable threshold value is used despite the existence of many algorithms. After reconstruction, the macropore networks and tracer distributions were visualized using Amira, Version 3.1 (TGS Inc., San Diego). After image segmentation, the macroporosity, tracer volume percentage, average hydraulic radius, pore fractal dimension, and lacunarity of macropores and tracer distribution in both two and three dimensions were calculated. Th e hydraulic radius was calculated as the ratio of the pore volume to the pore surface area. Fractal dimensions were calculated using box-counting (two dimensions) or cube-counting (three dimensions) methods (Perret et al., 2003) . By covering the feature with boxes or cubes with side dimensions of r, the fractal dimension (D) can be estimated from the slope of ln[N(r)] against ln(r) with the following relationship: ( )
where N(r) is the number of boxes intersecting the feature of interest. Th e three-dimensional third-iteration prefractal Menger sponge with a known fractal dimension of 2.727 was generated to test our algorithm (in this case, the solid phase was counted), which resulted in a fractal dimension of 2.718 (error = 0.3%). Th e fractal codimension (H) can be used to generalize and compare fractal dimensions in one, two, or three dimensions. Th e fractal codimension is defi ned as the diff erence between the Euclidian dimension (E) and the fractal dimension (Perret et al., 2003) :
Lacunarity was calculated by a method introduced by Allain and Cloitre (1991) . Th e gliding-box algorithm was used, in which a box or cube of size r moves or "glides" within the image, covering all of the pixels or voxels. Th e lacunarity (L) was calculated as a function of r:
where P(m,r) is the probability that a box or cube of size r contains m pixels (in two dimensions) or voxels (in three dimensions) of interest. Since the fi rst moment Σ m mP(m,r) is equal to the mean (u) of the probability distribution function P(m,r), and the second moment Σ m m 2 P(m,r) is equal to the sum of the variance (σ 2 ) and the square of the mean of P(m,r), Eq.
[5] is easier to understand when rewritten as (Pendleton et al., 2005 )
Lacunarity is a function of three factors: (i) the gliding box or cube size, (ii) the fraction (p) of the space occupied by the feature, and (iii) the spatial distribution or structure of the feature. First, as the box or cube size increases, the variance decreases. Th us, the same image will have lower lacunarities as the box size increases. When lacunarities decrease toward unity (i.e., ln[L(r)] = 0) and remain constant afterward, this suggests that r has approached the representative elementary volume (REV) of the material under investigation. For example, in Fig. 3 , the size of the REV is reached when ln(box size) is >2.5 (i.e., box size = 10) for the "small" image, and at 4 (box size = 63) for the "middle" image. Th is is consistent with what Grossman and Reinsch (2002) suggested, that is, that the REV is 10 to 30 times that of the largest feature. Second, with similar spatial patterns, the lower the fraction, the higher the lacunarity. Specifi cally, when r = 1, L = 1/p. Finally, with the same fraction level, a higher lacunarity represents a higher degree of clustering or clumping. Figure 3 shows the lacunarity curves for images with the same size (216 by 216 pixels), the same fraction (p = 0.5), but diff erent patterns. Th e lacunarities are highest for the image with large-size features and vice versa. Th e lacunarities decrease quickly toward zero when approaching the block size (36 by 36 pixels for the large, 6 by 6 pixels for the middle, and 1 by 1 pixel for the small images in Fig. 3) . Th e hierarchy image in Fig. 3 is similar to a true fractal and therefore its lacunarity curve is nearly linear except near the point where ln(box size) is equal to zero (Plotnick et al., 1993) . As Allain and Cloitre (1991) pointed out, the lacunarity curve for a fractal should be a straight line.
To calculate the two-dimensional lacunarities, boxes with side dimensions of 1, 2, 3, 4, 6, 10, 16, 25, 40, 63, 100, 123, 158, 251, 398 , and 631 pixels were used to "glide" over the two-dimensional images (820 by 820 pixels). Th ree images, the 20th, 40th, and 60th of the 123 images obtained at each scanned position, were selected to calculate the two-dimensional lacunarities, the mean of which was used to represent the overall two-dimensional lacunarities for each position. Because of the limited number of images (i.e., 123), a narrower size range of cubes (with side dimensions of 1, 2, 3, 4, 6, 10, 16, 25, 40, and 63 voxels) was used to "glide" through the three-dimensional images (820 by 820 by 123 voxels) and calculate the three-dimensional lacunarities. Th e lacunarities of the third-iteration prefractal of the Menger sponge and the binary image with small, randomly distributed pores were also calculated as references.
Since the overall shapes of the lacunarity curves depend on the degree of clustering or clumping and are independent of the fraction (Plotnick et al., 1993) , the relative F . 3. Lacunarity (L) curves for images with the same size (216 by 216 pixels), the same frac on (p = 0.5), but diff erent pa erns (i.e., small-, middle-, and large-size features, and hierarchy with three size levels similar to fractals) (modifi ed from Plotnick et al., 1993) .
lacunarity function on a logarithmic scale, RLF, was defi ned and calculated as ( ) ( )
Th erefore, the infl uence of the fraction on lacunarity was excluded so that the shape of the lacunarity function and its corresponding spatial pattern could be better evaluated. In addition, integration was used to calculate the area under the curve of the RLF. Th is parameter represents the overall lacunarity level and provides a single value to facilitate comparisons among the diff erent features.
To compare the fractal codimension and lacunarity in diff erent dimensions (i.e., two and three dimensions), the TTEST procedure in MATLAB (MathWorks, Natick, MA) was used with a probability level of 0.01.
Results and Discussion
Reconstruc on of Macropore Network and Tracer Distribu on
Both the macropore network and solute distribution in the soil column varied considerably with depth ( Fig. 1 and 4) . Th is is in part due to the horizonation and diff erent soil structures in this soil (Fig. 1) . Th e macropores in the Ap1 horizon were rather evenly distributed compared with the two subsurface horizons. Th e macropores formed by earthworm burrows and roots constituted a signifi cant proportion of the Ap2 and Bt horizons and their interface (Ap2-Bt). Th e macropores formed by earthworms were relatively large, round in shape, and highly continuous. While the macropores formed by roots were also highly continuous and round in shape, they were much smaller and more variable in size. Interaggregate macropores, such as those formed by freezing and thawing or wetting and drying, were generally smaller and more randomly and less continuously distributed in the soil column. As expected, the overall macroporosity in this soil column decreased dramatically from about 12% in the Ap1 horizon to <4% in the Ap2 horizon and increased slightly to >4% in the Bt horizon ( Table 2 ). The lowest macroporosity in the Ap2 horizon can be related to the platy structure of this plow-pan layer.
Although the entire soil column was satiated from the bottom up gradually for four consecutive days, 3.9 to 17.8% of the F . 4. A three-dimensional visualiza on of the fi ve scanned posi ons in the soil column: (a) macropores under sa ated condi on before the tracer experiment (yellow color indicates water-fi lled pores and blue color indicates air-fi lled pores), (b) tracer distribu on (in pink color) at 6 min, and (c) tracer distribu on (in pink color) at 78 min. Note that the tracer distribu on at 6 min in the Ap1 horizon was partly overlapped by the macropores and thus cannot be clearly seen.
T 2. Proper es of soil macropore networks and solute distribu ons in the soil column studied. The numbers in parentheses are one standard devia on, R 2 is the coeffi cient of determina on (i.e., the goodness of fi ts associated with the es ma on of the fractal dimensions), and RLF is rela ve lacunarity func on. macropores contained air bubbles (Table 2) . Hence, we termed the soil moisture condition "satiated" (<100% pore space fi lled with water) instead of "saturated" (100% pore space fi lled with water). After introducing the KI tracer for 6 min, the solute was distributed relatively evenly (but not completely) in the Ap1 horizon (Fig. 4b) . It then moved preferentially through the underlying horizons via some continuous macropores. Th e earthworm burrows and root channels were highly active in the fl ow and transport because of their high continuity and low tortuosity. Th e solute distribution in the subsurface was clustered along the active macropores (Fig. 4b) . After 78 min, the solute had moved from the main preferential fl ow paths to connected local macropores and the surrounding matrix (Fig. 4c) . Again, the solute distribution in the Ap1 horizon was more homogeneous. Th e effl uent breakthrough curve showed a quick increase in relative concentration after the tracer was fi rst introduced. Relative concentrations were ?78% for the central outfl ow and ?65% for the outer fl ow at approximately one pore volume, indicating a high degree of preferential fl ow.
Fractal Dimensions
Th e fractal dimensions of the macropore network and solute distribution (in both two and three dimensions) varied with depth in a way similar to the changes in macroporosity and tracer volume percentage (Table 2) . Th e fractal dimensions of the Ap1 horizon (1.52 in two dimensions and 2.61 in three dimensions for macropores, 1.32 in two dimensions and 2.41 in three dimensions for the tracer distribution at 6 min, and 1.75 in two dimensions and 2.86 in three dimensions for the tracer distribution at 78 min) were always the highest. Th e three-dimensional fractal dimensions of the Ap2 horizon were always the lowest, i.e., 2.23 for macropores, 2.00 for the tracer distribution at 6 min, and 2.35 for the tracer distribution at 78 min. Th ese values are within the range of fractal dimensions reported in the literature for macropore networks (Peyton et al., 1994; Gantzer and Anderson, 2002; Perret et al., 2003) and for tracer distributions (Hatano et al., 1992) . Th ey suggest an underlying pore-solid fractal model (Perrier et al., 1999) for the soil structure in this column. Th e fractal dimensions in two and three dimensions were closely correlated with macroporosity and tracer volume percentage with time. Positive logarithmic trends were observed in both two (R 2 = 0.88) and three dimensions (R 2 = 0.96) ( Fig. 5) , which is consistent with the results of Peyton et al. (1994) , Perret et al. (2003) , and Zeng et al. (1996) . Table 3 shows signifi cant linear correlations between macroporosity and the tracer volume percentages at 6 and 78 min, and between the two-and three-dimensional fractal dimensions of the macropore network and tracer distribution. Th ese results suggest that macropores were the major control on the fl ow and transport processes observed in this study.
Th e diff erence between the fractal codimensions in two and three dimensions was not statistically signifi cant in this study at the 0.01 probability level for both the macropores and the tracer volume percentages at 6 and 78 min. Th is result is consistent with research reported by Gibson et al. (2006) , and indicates that the three-dimensional fractal codimension can be estimated by the two-dimensional fractal codimension.
T 3. Pearson correla on coeffi cients between diff erent soil proper es inves gated in this study. Since the diff erence between the fractal codimensions in two and three dimensions was not signifi cant, only fractal dimensions in three dimensions are included here (RLF is rela ve lacunarity func on). 
Lacunari es
Relative lacunarity functions for the three-dimensional macropore network and tracer distribution with time are shown in Fig. 6 . Th e RLFs for the third-iteration prefractal Menger sponge (labeled fractal) and the image with small, randomly distributed pores (labeled random) are also included in Fig. 6 for reference. As expected, the RLF of the third-iteration prefractal Menger sponge was nearly linear except where ln(cube size) was close to zero. Th e RLF for the image with small, randomly distributed pores declined very quickly as cube size increased. In contrast, all of the RLFs for the macropore networks were rather convex in shape ( Fig. 6a ), suggesting that middle-to large-size pores existed and that the pore size distribution was not random. Th e RLFs for the macropore networks, however, varied with soil depth. Th e RLF of the macropore network in the Ap1 horizon was the lowest among the fi ve positions investigated because of its relatively evenly distributed but smaller pores (Fig. 4a ). On the other hand, the RLFs for the macropore networks in the Ap2 and Bt horizons were higher than those of other horizons, probably due to the large and continuous biopores in both horizons (Fig. 4) . Th e RLFs for the macropore networks at the two horizon boundaries (i.e., Ap1-Ap2 and Ap2-Bt) fell between the curves for the Ap1 and Ap2 or Bt horizons. Th e shapes of the lacunarity curves imply that the macropore network may be close to fractal within a given size range, and Euclidean outside of that range.
Th e relative lacunarity curves for the tracer distribution at 6 min in the Ap1 horizon and the two boundaries were almost linear (Fig. 6b) , again suggesting the existence of self-similarity across a given size range. In the Ap2 and Bt horizons, the RLFs for the tracer distribution at 6 min were markedly convex (Fig.  6b ), refl ecting a higher degree of clumping of the tracer in and around the large biopores and the occurrence of apparent preferential fl ow (Fig. 4b) . Th e relative lacunarities for the tracer distribution at 78 min generally decreased with more advection and diff usion time (Fig. 6c) . Th e RLF of the tracer distribution at 78 min in the Ap1 horizon became concave as more tracer moved into smaller pores ( Fig. 6c and 4c) . Th e relative lacunarity curve for the tracer distribution in the Ap2 and Bt horizons was close to linear, with more pores being fi lled with the tracer. Th is suggests more similarity to a true fractal in the spatial organization of the solute. Overall, the RLFs for the tracer distributions at 6 and 78 min were closer to an ideal fractal than those of the macropores within the range of cube sizes investigated.
Th e integrations of the RLFs in two and three dimensions are presented in Table 2 . Interestingly, the integration of the RLF for the image with small, randomly distributed pores was equal to unity. Th e integration of the RLF quantifi es the overall level of relative lacunarity and is sensitive to the size distribution of macropores and the degree of clustering or clumping of the tracer distribution. Th e integrations of the RLFs for the macropores were positively correlated with the mean hydraulic radius (Table  3) . Accordingly, the integrations of the RLF for the macropores in the Ap2 horizon were the highest among the fi ve positions scanned, 2.72 in two dimensions and 2.61 in three dimensions, which corresponded with the largest mean hydraulic radius (0.039 mm) among the fi ve positions. Th e integrations of the RLFs for the tracer distribution at 6 min were higher than those for the tracer distribution at 78 min, corresponding to the clustering of the tracer in and around large biopores at early times.
Th e integrated RLF parameter is a helpful index to evaluate the degree of preferential fl ow and solute transport in diff erent soils with similar fl ow conditions. Two-dimensional RLFs for the macropore network and tracer distribution were very close to the three-dimensional values within the same size range (≤63) (Fig. 6 and 7) . Th e statistical diff erence of the integration of the RLF in two and three dimensions was signifi cant at the 0.01 probability level, however, because the two-dimensional relative lacunarities were slightly but F . 6. Log-log plot of three-dimensional rela ve lacunari es [R ln (L)] vs. gliding cube size for (a) the macropore network, (b) tracer distribu on at 6 min, and (c) tracer distribu on at 78 min. Also shown in (a) are the rela ve lacunarity func ons (RLFs) for the thirditera on prefractal of a Menger sponge (labeled fractal) and for the image with small, randomly distributed pores (labeled random). consistently greater than the three-dimensional values for both the macropores and the tracer distributions at 6 and 78 min (Table  2 ). According to the lacunarity curves, the REV had not been reached for the three-dimensional macropore networks within the size range investigated (cube size ≤63), probably because of their high heterogeneity (Fig. 6) ; however, the REV might have been met for the two-dimensional macropore network, especially for the Ap1 horizon since the relative lacunarity decreased toward zero at the point where ln(box size) = 5.8 (i.e., box size = 330, or 26 mm) and remained very low afterward (Fig. 7) . Table 3 also shows a strong negative linear correlation between the fractal dimension and the integration of the RLF in both two and three dimensions. Armatas et al. (2002) found a similar relationship between the fractal dimension and the lacunarity. More research is needed, however, to investigate whether such a relationship exists for other soils.
Summary and Conclusions
Soil macropore structure and tracer transport in real time were reconstructed using an industrial CT scanner at fi ve representative positions of an intact structured soil column (i.e., the Ap1, Ap2, and Bt horizons and their boundaries). Each position in the soil column displayed a diff erent macropore characteristic and fl ow pattern. Th e earthworm burrows and root channels were highly eff ective in facilitating water fl ow and tracer transport because of their high continuity and low resistance. Macropore volume, mean pore hydraulic radius, fractal dimension, and relative lacunarity curves in two and three dimensions were computed from the CT images. Th e results demonstrated the dominant control of macroporosity on fl ow and transport under the "satiated" experimental conditions used in this study. Positive logarithmic trends were found between the fractal dimensions in either two or three dimensions and the volume percentage of macropores and tracer distributions. Th ere was no statistically signifi cant diff erence between the fractal codimensions in two and three dimensions. Th e RLFs of the macropore network and the tracer distribution with time varied with soil depth. Th e tracer distributions with time were closer to true fractals than the macropore networks based on their RLFs. Th e three-dimensional relative lacunarities were slightly lower than the two-dimensional values.
Overall, the lacunarity has several positive attributes: (i) the lacunarity function is sensitive to structural diff erences and refl ects the size and spatial distribution of the features-it thus has the potential to diff erentiate one type of structure or pattern from another; (ii) the lacunarity function, as opposed to one single value (e.g., a fractal dimension), can be calculated to obtain size-dependent information; (iii) the lacunarity parameter can be applied to both fractal and nonfractal features; (iv) lacunarity is helpful in determining if self-similarity exists and if a REV for a porous media can be defi ned; and (v) the algorithm used to calculate the lacunarity is simple to implement. Since the lacunarity is scale dependent, caution is needed when comparing structures at diff erent image resolutions. Th e relationship between the fractal dimension and lacunarity is worthy of further study. In particular, the lacunarity functions may be coupled with fractal parameters, as indicated in Eq. [1], to better model heterogeneous soil structural functions.
